Introduction {#sec1}
============

In recent years one can observe the intensification of research efforts to study methods of cancer treatment. Most of the research is dedicated to the study of mechanisms of tumor formation and therapies that entail the blocking of certain stages of tumor progression or changing of the direction of progression. The studies on the processes of angiogenesis are particularly intensive. A number of angiogenesis inhibitors have been described, and clinical trials are conducted in cancer and ophthalmic patients. Most of these substances, however, has a number of side effects. So, again, more attention is paid to angiogenesis inhibitors of natural origin \[[@cit0001]\].

Methyloxantines are present in many herbs and vegetal foods, among them in tea, coffee and chocolate. Previous studies have shown that theophylline and theobromine, *in vitro* and *in vivo*, influenced angiogenesis in various experimental models. In 1993 Skopiński *et al.* described the inhibitory effect of theophylline and theobromine on the angiogenic activity of blood mononuclear leukocytes of diabetic patients with proliferative retinopathy \[[@cit0002]\]. In the same time Gil et al have reported inhibition by theobromine tumor-induced angiogenesis in mice \[[@cit0003]\]. Inhibitory effect of theobromine on induction of angiogenesis and vascular endothelial growth factor (VEGF) mRNA expression in *v-raf transfectants* of human urothelial cells HCV-29 was described by Skopińska-Różewska *et al.* \[[@cit0004]\]. Barcz *et al.* have shown on the model of human ovary cancer that antiangiogenic properties of theobromine are dependent on its interaction with A2 adenosine receptor and inhibition of VEGF production \[[@cit0005], [@cit0006]\].

In the present study we would like to investigate if other methyl xanthine derivative -- pentoxifylline (PTX), which is widely used in therapy of many so called vascular diseases and possess anti-inflammatory properties has some influence, alone or with non-steroidal anti-inflammatory drug sulindac, on the process of new blood vessels formation during cancer development ([Fig. 1](#f0001){ref-type="fig"}). Furthermore, we would like find out, whether PTX may influence tumour growth, and if sulindac given together with PTX can exert synergistic effect. Both of them have anti-inflammatory properties but the mechanisms of their action are different. Pentoxifylline \[3,7-dimethyl-1-(5-oxohexyl)xanthine\], is a methyl xanthine derivative known for fibrinolytic activity and its ability to inhibit platelet aggregation and adhesion. It is a phosphodiesterase inhibitor. Because inflammation participates in the pathogenesis and progression of many diseases, it is a widely used as therapeutic agent for inflammatory arterial diseases such as intermittent claudication of upper and lower limbs as well as in coronary heart diseases.

![Xanthine and its derivatives](CEJI-42-30232-g001){#f0001}

Pentoxifylline regulates the release of proinflammatory cytokines as interleukin 1β (IL-1β), interleukin 6 (IL-6), interleukin 8 (IL-8) and tumor necrosis factor α (TNF-α) in blood by mononuclear cells, it also suppresses interleukin 2 (IL-2) by inhibition of endogenous TNFα. Various studies have shown a favourable effect of PTX and methyloxantine in the course of septic shock, a significant protective effect in infection of Gram-negative sepsis and peritonitis in animal models. Pentoxifylline blocks the inflammatory action of IL-1 and TNF-α on neutrophils and reduces tissue damage caused by neutrophils in bacterial inflammatory state as septic shock. Additionally, in an experimental model as ischemic injury of intestinal mucosa, PTX prevents bacterial translocation after intestinal obstruction (ileus). In addition, PTX reduces intestinal bacterial overgrowth, bacterial translocation, and spontaneous bacterial peritonitis in animal (rat) model and reduces oxidative stress in intestinal mucosa \[[@cit0007]--[@cit0009]\].

Pammi \[[@cit0010]\] proved that PTX exerts anti-inflammatory action in sepsis and necrotizing enterocolitis in young children. This may explain the beneficial role of pentoxifylline in the prevention of bacterial infection in patients with advanced cirrhosis. Further studies started to highlight that PTX is effective in treating of various clinical conditions including alcoholic hepatitis, or severe acute pancreatitis. Zein *et al.* demonstrated suppressive effect of PTX on lipid oxidation products in patients with nonalcoholic steatohepatitis \[[@cit0011]\].

It is widely accepted that endothelial activation and dysfunction are involved in the early development of atherosclerotic and coronary heart diseases. Proinflammatory cytokines, e.g. TNF-α and interferon γ (IFN-γ), can induce both endothelial dysfunction and atherosclerosis. The effects of TNF-α in endothelial cells are mediated through NF-κB. Pentoxifylline was originally discovered as a PDE-1 inhibitor and later it was discovered that also inhibits NF-κB. PTX augments the production of prostacyclins, the vasodilator eicosanoids, and can inhibit the production of inflammatory cytokines, thus, reduces neutrophil adhesiveness to endothelial cells, enhances chemotaxis and lowers the production of free radicals that can damage tissues. PTX is known to inhibit phosphodiesterase, an enzyme that breaks down cyclic AMP (cAMP), which elevates the level of intracellular cAMP and, thus, lowers platelet aggregation and depresses the production of TNF-α. Pentoxifylline has been reported to promote the oxygenation of ischemic areas and to lower the amount of metabolic derangements associated with ischemia-reperfusion injury. Li *et al*. \[[@cit0012]\] showed that PTX plays a protective role in acute inflammatory reaction in the lungs of rodents by attenuating A2A signaling pathways. Furthermore Schulzke *et al*. \[[@cit0013]\] observed preventive effect of the drug in bronchopulmonary dysplasia in preterm infants.

Pentoxifylline reduces adhesion molecule expression e.g. soluble levels of vascular cell adhesion molecule-1 (VCAM-1) and interferon-γ-induced protein (IP-10). VCAM-1 mediates leukocyte adhesion and is linked to endothelial dysfunction, while IP-10 is a chemokine which is described as protein responsible for Th1 immune system activation and endothelial cells apoptosis. The PTX inhibits secretion of IL-12 by macrophages and some IFNs by Th1 cells. Mohammadpour \[[@cit0014]\] observed a reduction in ICAM-1 and VCAM-1 serum levels after two-month treatment with PTX. Finally, PTX has been studied due to its immunomodulatory properties. Because PTX acts as cAMP-phosphodiesterase's inhibitor it can exert its cellular effects on erythrocytes, platelets, endothelial cells, PMNs, macrophages, and fibroblasts. In this way, PTX reduces the production of inflammatory cytokines by phagocytes and prevents their subsequent effects, such as leukocyte migration, adherence, and degranulation. For this reason, it has been studied alone or as an adjuvant therapy in different conditions, including infectious and carcinogenic processes, and has produced positive effects. As phosphodiesterase inhibitor, PTX reduces superoxide anions responsible for DNA apoptosis and it is effective in reducing damage to specific cell genes (the DNA integrity of the *BRCA1* tumor suppressor gene and the c-*myc* proto-oncogene after PTX). Pentoxifylline reduces superoxide anions and inhibits TNF-α responsible for DNA fragmentation and apoptosis or programmed cell death. Furthermore, it may scavenge reactive oxygen species and reduce lipid peroxidation associated with membrane damage and DNA apoptosis in research concerning sperm vitality.

Specialists agree that PTX is well tolerated without adverse effects, and encourage researchers to undertake further clinical and experimental studies elucidation its mechanism of action and to reveal its potential for suggesting novel therapeutic interventions \[[@cit0015]--[@cit0017]\]. Sunil showed that PTX decreases the number of proinflammatory macrophages expressing COX-2 and MMP-9 also decreased after pentoxifylline, while increases those with anti- inflammatory phenotype CD163^+^ and Gal-3^+^. In the light of the previous study it is evident that PTX exerts variable anti-inflammatory effect mediated via numerous parallel mechanisms. However further investigation is warranted to discern all the possible molecular mechanisms of its action.

Historically, anti-inflammatory drugs applied for the relief of pain, inflammation and fever originate from the extracts obtained from the certain plants e.g. Willow Spp. Primarily, they were derivatives of acetyl-salicylic acid like Aspirin, afterwards -- chemical advances let the development of the non-steroidal anti-inflammatory drugs (NSAIDs). Initially, most of them were organic acids, but later non-acidic compounds were discovered. There are two cyclooxygenase (COX) enzyme systems, controlling the production of prostanoids. Enzymes cyclooxygenase-1 (COX-1) and -2 (COX-2) metabolize arachidonic acid to prostaglandin G2 and prostaglandin H2, which may be converted to other prostaglandins, prostacyclin, and thromboxanes. COX-1, is responsible for production of prostaglandins (PGs) and thromboxane (TxA2) that regulate gastrointestinal, vascular, renal, and other physiological functions, and COX-2 that regulates production of PGs involved in inflammation, fever and pain. COXs cause both beneficial and adverse effects due to the inhibition of prostanoids, which are biologically active derivatives of arachidonic acid released by phospholipase A2 from cell membrane phospholipids. Arachidonic acid is transformed into prostaglandin H2, through the activity of COX-1 and COX-2 enzymes. Terminal synthases metabolize PGH2 into the biologically active prostanoids, such as prostacyclin (PGI2), prostaglandins PGD2, PGE2 and thromboxane TXA2 ([Fig. 2](#f0002){ref-type="fig"}).

![Scheme of prostaglandin and thromboxane synthesis from arachidonic acid](CEJI-42-30232-g002){#f0002}

COX-1 and COX-2 have the same catalytic activities: cyclooxygenase and peroxidase, although the two isoforms of COX are the products of different genes. COX-2 expression can be rapidly induced by bacterial endotoxin (LPS), some proinflammatory cytokines, tumour necrosis factor alpha (TNFα), and other growth factors. It is thought, that COX-1 dependent prostanoids play an essential cyto-protective role in gastrointestinal tract, while COX-2-dependent prostanoids play dominant roles in pathophysiologic processes, such as inflammation.

There were two inhibitors of COX-2 known as coxibs (celecoxib and rofecoxib) initially. Clinical trials of several COX-2 selective and nonselective NSAIDs have shown an increased risk of serious cardiovascular and thrombotic events, including ischemic stroke and myocardial infarction.

Therefore, that the inhibitors of COX-2 caused serious cardiovascular events, it is very important to discover why cardiovascular reactions took place with NSAIDs. There are evidences that indicate the main mechanism of action for traditional NSAIDs and selective for COX-2 NSAIDs (coxibs) is the inhibition of COX-2 dependent PGE2. It is suspected also, that coxibs may have antiangiogenic properties and in such way may cause heart ischemia and infarction. Association of myocardial infarctions with COX-2 inhibition may be also related to immunomodulation towards a Th1 response resulting in atheromatous plaque instability. However, it was shown that the cardiovascular hazard is also related to some non-selective NSAIDs, such as diclofenac. In a Danish National Registry study of patients with heart failure, the coxibs and traditional NSAID demonstrated an approximately two-fold increase in hospitalizations for heart failure in COX-2 selective-treated patients and nonselective NSAID-treated patients compared to placebo-treated patients \[[@cit0018]--[@cit0020]\].

In our research we used Sulindac, which is a non-steroidal, anti-inflammatory indene acetic acid derivative. As a non-steroidal anti-inflammatory drug (NSAID) Sulindac exhibits analgesic, anti-inflammatory, and antipyretic activities in human and in animal models. The mechanism of its action, like that of other NSAIDs, is not completely understood but may be related to prostaglandin synthetase inhibition or it may influence the endothelial cells. In organism Sulindac undergoes two major biotransformations -- reversible reduction to the sulfide, and irreversible oxidation to the sulfone ([Fig. 3](#f0003){ref-type="fig"}). Biochemical as well as pharmacological evidence indicates that the activity of Sulindac resides in its sulfide metabolite.

![Metabolism of Sulindac -- prodrug transformation by the liver enzymes and bacteria to active metabolites; reduction to sulfide- (reversible in animals and in man) and oxidation to sulfone](CEJI-42-30232-g003){#f0003}

Liver enzymes colonic baceria {#sec2}
=============================

It is suggested, that cardiovascular toxicity associated with the administration of NSAIDs selective for COX-2 and some non-selective NSAIDs occurs through a common mechanism involving the inhibition of COX-2-dependent prostacyclin synthesis.

More trials also, reproduction studies in the rat model, with some selective and non-selective NSAIDs show also negative effects on the offspring, decrease in average fetal weight and an increase in numbers of dead pups, and also negative effect on fetal cardiovascular system (closure of ductus arteriosus). It is suggested that their usage during pregnancy (particularly in the late period of pregnancy) should be avoided \[[@cit0021]\].

Material and methods {#sec3}
====================

**Drugs:** Sulindac (Sigma Aldrich) 0.6 mg; Pentohexal (Hexal AG Holzkirchen, Germany) 0.5 mg; in 40 µl/mouse oral daily dose.

**Mice:** The study was performed on 20-22 γ of body mass female, 8-10-weeks old inbred Balb/c mice delivered from the Polish Academy of Sciences breeding colony.

For all performed experiments animals were handled according to the Polish law on the protection of animals and NIH (National Institutes of Health) standards. All experiments were accepted by the local Ethical Committee.

**Sarcoma L-1 tumor cells:** L-1 sarcoma cells from *in vitro* culture stock were delivered from Warsaw's Oncology Center collection, passaged *in vivo* through four generations of locally bred Balb/c mice and grafted subcutaneously for evaluation of tumor growth, or intradermally for evaluation of angiogenic activity in tumor-induced (TIA) cutaneous test, to syngeneic Balb/c mice.

Preparation of tumor cells after *in vivo* passage {#sec3.1}
--------------------------------------------------

Briefly, sarcoma L-1 cells from *in vitro* stock were grafted (10^6^/0.1 ml) subcutaneously into subscapular region of Balb/c mice. After 14 days, the tumors were excised, cut to smaller pieces, rubbed through sieve, and suspended in 5 ml of PBS. The suspension was left for 10 min at room temperature. After sedimentation, the supernatant was collected and centrifuged for 10 min at 300 G-force. Obtained sarcoma cells were washed once with PBS for 10 min, then centrifuged at 300 G -- force and re-suspended in Parker medium in concentration of 4 × 10^6^ cells/ml (for tumor-induced angiogenesis) or 10^7^ cells/ml (for experiments with tumor growth). Viability of cells was about 95% of living cells as estimated by trypan blue method.

Subcutaneous tumor growth assay {#sec3.2}
-------------------------------

Suspensions of sarcoma cells were grafted (1 million of cells) subcutaneously into mice. On the day of cells grafting and on the following 13 days mice were fed drugs (with Eppendorf pipette) or water as a control. Mice were observed during these days, with number of appearing tumors noted at 6, 8, 11 and 13 days after grafting. At days 8, 11 and 13 the tumors volume was measured with electronic caliper (The Fowler Ultra-Cal Mark III caliper).

Cutaneous angiogenesis assay -- tumor-induced angiogenesis (TIA) test ([Fig. 4](#f0004){ref-type="fig"}) {#sec3.3}
--------------------------------------------------------------------------------------------------------

Cells isolated as described above , in concentration of 2 × 10^6^ per ml were suspended in Parker medium supplemented with L-glutamine, Hepes buffer, streptomycin (100 µg/ml) and penicillin (100 U/ml) in the presence of 5% fetal bovine serum (FBS, Gibco) and without or with the pentoxifylline in concentration 2, 5, 10, 20, 50, and 100 µg per ml. The cultures were incubated for 90 min at 37°C, equilibrated with a 5% CO~2~ /95% air mixture, then washed. Multiple 0.05 ml samples of 200 thousands of cells were injected intradermally into partly shaved, narcotized Balb/c mice (at least 3-4 mice per group). In order to facilitate the localization of cell injection sites later on, the suspension was colored with 0.1% of trypan blue. After 72 hours, mice were sacrificed with lethal dose of Morbital (Biowet, Puławy). All newly formed blood vessels were identified and counted in dissection microscope, on the inner skin surface, at magnification of 6×, in 1/3 central area of microscopic field. Identification was based on the fact that the new blood vessels are thin, directed to the point of cells injection and (or) differ from the background vasculature in their tortuosity and divarications ([Fig. 5](#f0005){ref-type="fig"}).

![Schematic test TIA (tumor-induced angiogenesis)\
PTX -- pentoxifylline](CEJI-42-30232-g004){#f0004}

![Typical picture of neovascular reaction 3 days after intradermal injection of tumor cells, seen on the inner side of mouse skin. Note newly-formed thin blood vessels directed to the place of cells' grafting. Magnification 6×](CEJI-42-30232-g005){#f0005}

All experiments were performed in anaesthesia (3.6% chloral hydrate, Sigma-Aldrich), 0.1 ml per 10 γ of body mass.

Statistical analysis {#sec3.4}
--------------------

Results are expressed as means +/- SEM or as inhibition indices. Statistical evaluation of the results was performed using one-way ANOVA, followed by the Tukey's *post-hoc* test, two-way ANOVA followed by the Bonferroni test, and χ^2^ test (Graph Pad Software, Inc., La Jolla, CA, USA), level of significance α = 0.05 was considered to indicate a statistically significant difference.

Results {#sec4}
=======

Results of experiments are shown in [Figures 6](#f0006){ref-type="fig"}, [7](#f0007){ref-type="fig"} and [8](#f0008){ref-type="fig"}. We obtained highly significant reduction in tumor size in mice which received for two weeks PTX ([Fig. 6](#f0006){ref-type="fig"}) and a synergistic effect in animals receiving a mixture of PTX and sulindac ([Fig. 7](#f0007){ref-type="fig"}). Synergistic inhibitory effect of PTX and sulindac was expressed as % of tumors sixth and thirteen day after subcutaneous grafting of L-1 sarcoma into syngeneic Balb/c mice. Mice were fed daily PTX (0.5 mg), sulindac (0.6 mg) or both drugs.

![Mean tumor volume in mice grafted with L-1 sarcoma cells. Mice were fed daily 0.5 mg PTX for 13 days, or water as a control. Number of mice in parentheses](CEJI-42-30232-g006){#f0006}

![Synergistic inhibitory effect of PTX and sulindac expressed as % of tumors sixth and thirteen day after subcutaneous grafting of L-1 sarcoma into syngeneic Balb/c mice. Mice were fed daily PTX (0.5 mg), sulindac (0.6 mg) or both drugs. Number of mice in parentheses](CEJI-42-30232-g007){#f0007}

Preincubation of tumor cells with PTX resulted in dose-dependent inhibition of their angiogenic activity ([Fig. 8](#f0008){ref-type="fig"}).

![The effect of preincubation of sarcoma L-1 cells with PTX on cutaneous neovascular reaction induced by their transplantation to syngeneic Balb/c mice](CEJI-42-30232-g008){#f0008}

Discussion {#sec5}
==========

In recent years one can observe the intensification of research efforts to study methods of cancer treatment. Most of the research is dedicated to the study of mechanisms of tumor formation and therapies that entail the blocking of certain stages of tumor progression or changing of the direction of progression. The studies on the processes of angiogenesis are particularly intensive.

In the present paper we demonstrate for the first time the ability of pentoxifylline to reduce angiogenic activity of Sarcoma L-1 murine cell line in cutaneous angiogenesis test. Moreover, this drug significantly delayed appearance and diminished volume of Sarcoma L-1 tumors in recipient syngeneic Balb/c mice. Synergistic inhibitory effect was also observed for PTX and nonsteroidal anti-inflammatory drug sulindac.

Anti-angiogenic effect of sulindac and its metabolites was described for the first time by Skopinska-Różewska *et al.* in 1998 \[[@cit0022]\]. Later papers reported that sulindac and some other NSAIDs induce endothelial cells apoptosis and endothelial cell cycle arrest \[[@cit0023], [@cit0024]\]. Synergistic inhibitory effect on tumor growth and angiogenesis in similar murine model we observed previously for sulindac and herbal remedy PERVIVO \[[@cit0025]\].

Some observations indicate that eicosanoids, such as PGE2, are elevated in various human tumour tissues and can stimulate tumour cell proliferation and regulate their apoptosis. Especially COX-2 is an important agent responsible for the chemopreventive effects of NSAIDs. Sulindac is an anti-inflammatory prodrug converted by the liver enzymes in the body to the active non-steroidal anti-inflammatory metabolites (NSAIDs). This enzymatic prodrug activation to an active sulphide, excreted in the bile and reabsorbed from the intestine, reduces gastrointestinal side effects. It was shown, that sulindac, independently from COX-inhibition, has ability to reduce the growth of polyps in gastrointestinal tract \[[@cit0026]\]. It exerts also other anti-cancer properties e.g. induces apoptosis in cancer cells \[[@cit0027]\]. Furthermore may have anti-oxidative properties due to the observation that methionine sulfoxide reductase can reduce sulfoxide group of sulindac. Actually the sulfone metabolite of sulindac, exisulind, is the most studied, for its ability to decrease the risk of different cancers development on various rodent models of carcinogenesis. Numerous epidemiological studies have reported that the long-term use of NSAIDs is associated with a significant decrease in cancer occurrence and delayed progression of cancer disease. The use of NSAIDs has also been linked with reduced risk from cancer-related mortality and distant metastasis. Additionally, the anticancer effect of the agents was found to result partly from their anti-angiogenic action, which, therefore, restricts tumorigenesis. Some authors shown, that sulindac may cause regression of precancerous lesions e.g. it lowers the risk of developing colonic adenomatous polyps \[[@cit0028]\].

Unfortunately, the prolonged use of NSAIDs for chemoprevention often results in potentially serious side effects related to their cyclooxygenase-inhibitory activity and suppression of prostaglandin synthesis. Nonsteroidal anti-inflammatory drugs display promising anticancer activity, although their toxicity resulting from cyclooxygenase (COX) inhibition limits the clinical use for such chemoprevention. However in some cancers (e.g. in colon tumour cells), studies suggest, that the mechanism may be different -- COX independent. Tinsley showed that sulindac sulphide inhibits cyclic guanosine 3'5'-monophosphate (cGMP) phosphodiesterase (PDE) activity in colon tumour cells causing inhibition of growth *in vitro* and *in vivo*. Numerous novel applications of PTX have been proposed, among them in cancer therapy. Pentoxifylline has been found to sensitize some cancer cell lines to chemo- and radiotherapy, and to improve delivery of chemotherapeutics into the tumor cells.

Pentoxifylline sensitizes human cervical tumor cells to cisplatin-induced apoptosis by suppressing NF-kB and decreased cell senescence \[[@cit0029]--[@cit0034]\].

Gude *et al.* reported, that the inhibitory effect of PTX on tumor angiogenesis is related to anti-proliferative action on endothelial cells as well as to down-regulation of u-PA secreted by them \[[@cit0035]\]. Recently, using zebrafish model Nathan *et al*. studied the expression of adenosine receptors and VEGF during angiogenesis and its inhibition by PTX \[[@cit0036]\].

In the case of mouse neuroblastoma, PTX had cytostatic effect and exerted an anti-tumor effect on liver metastases following intravenous administration of neuroblastoma cells \[[@cit0037]\]. In the case of melanoma, PTX inhibited angiogenesis, tumor growth and melanoma-derived metastatic tumor development in lungs. Kamran and Gude identified STAT3 signaling as a target of PTX in its inhibitory action on melanoma tumor growth and angiogenesis \[[@cit0038]\]. Our present study shows inhibitory effect of PTX on murine sarcoma tumor growth and angiogenesis.

Although most studies show inhibition of tumor growth by PTX, there are also papers that describe the stimulation of tumor growth, but in the case of murine colon adenocarcinoma only. Moreover, PTX promoted development of adenocarcinoma derived metastatic tumors in liver and lungs. The authors attribute this effect to the negative effects of PTX on cytotoxic lymphocytes and disturbance of perforin-dependent pathway \[[@cit0039]--[@cit0042]\]. Although this model might be unique in its sensitivity to tumor-promoting effects of PTX, it cannot be excluded that similar effects might occur in some cases of tumors developing in humans. Then, evidently more studies on the problem are necessary.
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